Prokaryotic and eukaryotic replicons possess a distinctive region containing a higher than average number of adenine and thymine residues (the AT-rich region) where, during the process of replication initiation, the initial destabilization (opening) of the double helix takes place. In many prokaryotic origins, this region consists of repeated 13-mer motifs whose function has not yet been specified. Here we identify specific mutations within the 13-mer sequences of the broad-host-range plasmid RK2 that can result in defective origin opening or that do not affect opening but induce defects in helicase loading. We also show that after the initial recruitment of helicase at the DnaA-box sequences of the plasmid origin, the helicase is translocated to the AT-rich region in a reaction requiring specific sequence of the 13-mers and appropriate facing of the origin motifs. Our results demonstrate that specific sequences within the AT-rich region of a replication origin are required for either origin opening or helicase loading.
Prokaryotic and eukaryotic replicons possess a distinctive region containing a higher than average number of adenine and thymine residues (the AT-rich region) where, during the process of replication initiation, the initial destabilization (opening) of the double helix takes place. In many prokaryotic origins, this region consists of repeated 13-mer motifs whose function has not yet been specified. Here we identify specific mutations within the 13-mer sequences of the broad-host-range plasmid RK2 that can result in defective origin opening or that do not affect opening but induce defects in helicase loading. We also show that after the initial recruitment of helicase at the DnaA-box sequences of the plasmid origin, the helicase is translocated to the AT-rich region in a reaction requiring specific sequence of the 13-mers and appropriate facing of the origin motifs. Our results demonstrate that specific sequences within the AT-rich region of a replication origin are required for either origin opening or helicase loading. 13 -mer sequences ͉ DNA replication ͉ DnaB helicase ͉ plasmid RK2 T he initiation of DNA synthesis requires a mechanism to coordinate DNA unwinding, helicase recruitment, and sitespecific helicase loading. Binding of the initiator (Rep), a single protein, or a complex of several proteins to the replication origin results in the melting of the double-stranded DNA helix in a region of the origin with low internal thermodynamic stability because of a higher than average content of adenine and thymine residues (AT-rich region). In plasmid replicons, the involvement of both the host-encoded replication initiator DnaA and the plasmid encoded Rep protein is essential for origin melting, helicase recruitment, and helicase loading onto the ssDNA in the opened AT-rich region.
DNA replication of the broad-host-range plasmid RK2 is initiated by the binding of the plasmid-encoded protein TrfA to direct repeats (iterons) present at its replication origin (oriV), a process similar to that of other plasmid systems (1, 2) . The formation of an open complex at oriV by the TrfA initiation protein requires HU and is stabilized by the host DnaA protein (3) . In contrast, the initiation of replication at the Escherichia coli chromosomal origin, oriC, involves a single initiator, DnaA, binding to DnaA-box sequences and resulting in duplex DNA melting (4) (5) (6) (7) . During replication initiation at RK2 oriV, helix destabilization occurs within the AT-rich region, which includes four 13-mer repeated sequences (L, M1, M2, R) that exhibit a DNA consensus sequence of TAAACnTTnTTTT (3). Similar motifs have been identified in a majority of theta-replicating plasmids and bacterial chromosomes including E. coli, where three 13-mers (L, M and R) have been identified in oriC (4) (5) (6) . The position of the 13-mer clusters and their specific sequences are important for proper functioning of both oriV (8, 9) and oriC (5, 10, 11) . Although the importance of 13-mers is well established, their exact role is not completely understood.
Certain E. coli proteins, including SeqA (12, 13), IciA (11), and DnaA (14, 15) , specifically interact with the oriC AT-rich region. In addition, DnaB helicase and DnaC interact with ssDNA in the open complex (16, 17) . Helicase loading at the opened oriC (18) requires the interaction of DnaA with DnaB (19) . The nature of the interaction of DnaA with the AT-rich region is unclear. Earlier evidence indicated that DnaA, when bound with ATP, interacts with six-nucleotide sequences, termed ATP-DnaA boxes, within the AT-rich region (15, 20) . More recent data suggest that the ATP-DnaA boxes are not the sites for DnaA interaction within the 13-mer region (21) . When RK2 DNA replication is initiated in E. coli, DnaB helicase is recruited by DnaA to dsDNA containing oriV DnaA-box sequences located upstream of the 13-mer cluster (22) . ATP-DnaA boxes are not present in oriV (3, 9) . It has been shown that the TrfA protein is essential for the helicase complex activity (23) ; however, the mechanism of this activation has not yet been elucidated.
In this work, mutations in the 13-mers that result in defects in helicase loading, but not in origin opening, have been characterized and used for the analysis of helicase complex formation at the replication origin of the broad-host-range plasmid RK2.
Results and Discussion

DNA Unwinding Activity of E. coli DnaB Helicase Is Affected by
Mutations in the AT-Rich Region. In our previous study, 26 plasmid mutants with an altered sequence, position, or spacing of the 13-mer motifs of the RK2 replication origin were constructed and analyzed for replication activity (9) . The data showed that both the sequence and the position of 13-mers are critical for oriV functionality. To determine what particular stage during the initiation of plasmid replication requires 13-mer sequence specificity, we analyzed in vitro the individual steps of replication initiation in these oriV mutants.
E. coli DnaB helicase complex activity on miniRK2 plasmid templates with either wild-type or altered 13-mer sequences was identified electrophoretically by the formation of a substantially unwound form of the supercoiled plasmid DNA, designated FI* (23) . The formation of the FI* form is a result of the combined activities of plasmid and bacterial replication initiation proteins, including DnaA, DnaC, gyrase, SSB, HU, and TrfA. We optimized the reaction conditions so that the helicase activity was Ϸ50% on the wild-type template, as measured by densitometry scan of the gel ( Fig. 1 lane 1) . This allowed us to observe either an increase or a reduction of helicase activity of the oriV mutants. Thirteen mutants exhibiting no or substantially reduced helicase activity were selected ( Fig. 1) (Fig. 1, lane 3) , whereas no activity was detected with mutant R-M2 (Fig. 1, lane  2) . Deletion (Fig. 1, lanes 4 and 5) and insertion ( Fig. 1 lanes  9-11) mutants exhibited only faint FI* activity. Helicase was also inactive on DNA templates where the sequence, but not ATrichness (the AT/GC ratio), was changed (Fig. 1, lanes 6-8) . The substitution of the right (R) or the middle (M2) 13-mer with chromosomal E. coli oriC 13-mer (mutants R-C and M2-C, respectively) reduced the activity of DNA helicase, whereas no activity was detected if the left (L) 13-mer was substituted (Fig.  1, lanes 12-14) .
Our results demonstrated that the lack of replication activity of the analyzed oriV minireplicons with altered 13-mer sequences could be a result of disturbances in helicase-dependent template unwinding. Because the formation of the FI* is a result of origin opening, helicase recruitment, and finally helicase complex activity, we could not exclude the possibility that the observed disturbances in helicase activity were due to failures at earlier steps of replication initiation, including open complex formation.
Open Complex Formation Is Affected by Sequence Changes Within the
AT-Rich Region. Full RK2 origin opening occurs in the presence of HU, TrfA, and DnaA proteins (3). To explore the possibility that mutations within the AT-rich region reduce DNA helix destabilization, we performed potassium permanganate (KMnO 4 ) footprinting and compared the extent of origin opening for the wild-type and mutated oriV templates. KMnO 4 reacts preferentially with pyrimidines in single-stranded DNA, modifying primarily thymines. Specific modification of plasmid supercoiled DNA can be detected by the termination of a primer extension reaction from a 32 P-labeled primer at the modified residues. Because the majority of thymine residues present within the AT-rich region of RK2 origin are located on the top DNA strand, the primer extension analysis was carried out only on that strand. The pattern of KMnO 4 modifications of the top strand of the plasmid RK2 wild-type origin is shown in Fig. 2 The experiments show that for six mutants (L-C, TAA1-3ATT, A2T, ϩ3, ϩ6, ϩ11), the extent of opening was significantly reduced ( Fig. 2 A, C, and D). For all these mutants, the DNA origin destabilization occurred only at the right 13-mer (R). Interestingly, the origin opening was reduced even in mutants with unchanged internal thermodynamic stability (TAA1-3ATT and A2T), indicating that this is not the only criterion for the functionality of AT-rich region. Reduction of the extent of origin opening was observed for two deletion mutants, ⌬R and ⌬M2 ( DnaB helicase activity at oriV mutant templates. E. coli DnaB helicase activity on oriV mutant templates was determined by using the FI* assay. The position of the FI* DNA band, the extensively unwound covalently closed circular DNA generated by helicase activity on the supercoiled (FI) template DNA, is indicated by an arrow. The reactions were performed as described in Materials and Methods. DnaB at 600 ng and DnaC at 20 ng were used to optimized the reaction so that the helicase activity was Ϸ50% on the wild-type template. Black columns indicate the conversion to FI* form, calculated on the basis of densitometry analysis, as the percentage of total DNA in the reaction. 
All mutants were constructed and isolated previously (8, 9) . In the mutants shown, DNA sequence letters in bold indicate changes from the wild-type, underlined letters indicate permanganate-modifiable thymine bases, and dotted lines correspond to deleted regions. In mutants ϩ3, ϩ6, and ϩ11 the indicated sequence was inserted between the 13-mers. In mutants oriV3-6 and oriV3-11, the indicated sequence was inserted between the DnaA-box region and the AT-rich region (8) . TF and FII results were presented previously (8, 9) . FI*, KMnO 4 and EM results are from this work except KMnO4 with oriV3-6 (8). TF, transformation frequency; FII, replication activity in E. coli crude extract; FI*, DnaB helicase-mediated template unwinding; KMnO 4, local strand opening; EM, helicase loading to the AT-rich region; ϩ, activity of the altered origin similar in comparison to the wild-type origin activity; ϩ/Ϫ, lower activity; Ϫ, no (or substantially reduced) activity; nt, not tested.
13-mers) was observed for five mutants. Two of them, R-M2 and M2-M1, displayed an unusual feature. Partial origin destabilization appeared even in the absence of initiation proteins (Fig.  2B) . For three other mutants R-C, M2-C, and TTT11-13AAA ( Fig. 2 A and C) , the extent of open complex formation was similar to that of the wild-type template. Similar to wild-type, in these mutants the open complex was formed also in the absence of DnaA protein, but it occurred at the left part of the AT-rich region ( Fig. 2 A and C) . Even though the extent of origin opening is the same for all these five mutants, a difference was observed in the pattern of permanganate modifications. This difference, however, can be attributed to alterations in nucleotide sequence, especially the thymine residues, of the analyzed mutants.
Our results demonstrate that the majority of the analyzed mutations within the AT-rich region have a significantly reduced plasmid open complex formation. This is similar to the situation in which introduced mutations within the E. coli oriC AT-rich region decreased or prevented the origin opening (11) . Surprisingly, however, our analysis of oriV mutants (R-C, M2-C, R-M2, M2-M1 and TTT11-13AAA) revealed that the extent of origin opening was the same as for the wild-type template. This raised the possibility that low or absence of helicase activity of these mutants could be the result of disturbances of helicase complex loading at the open AT-rich region.
Mutations Within the 13-mers Affect Helicase Loading at the Open
AT-Rich Region. For the analysis of helicase complex formation at the RK2 origin, we used in vitro cross-linking followed by electron microscopy (EM) analysis (see Materials and Methods). This approach allowed identification of the position of the helicase complex on the replication origin. To identify the optimal helicase concentration for these experiments, we used various DnaBC concentrations to analyze the unwinding of the wild-type oriV template (Fig. 3 A and B) . We determined a saturating helicase concentration (600 ng per reaction), in which complete conversion to the FI* form was observed. The complete conversion indicates that a vast majority of plasmid particles were successfully loaded by the helicase complex. When the oriV mutants with an unchanged origin opening but reduced helicase activity (R-C, M2-C, R-M2, M2-M1, and TTT11-13AAA) (see above) were analyzed, the highest level of FI* conversion was Ϸ50% (Fig. 3 A and B) . Only very limited or no template unwinding activity was detected on the TTT11-13AAA and R-M2 mutant templates ( Fig. 3 A and B) . Despite a high molar excess (100-fold) of DnaBC in comparison to the supercoiled DNA template, no helicase activity was detected on the R-M2 template (Fig. 3A, lane 7) .
The above experiments allowed identification of the optimal DnaBC concentration (gray rectangle on Fig. 3B ) to use for cross-linking and EM analysis (see below). Also, these results demonstrated that the inhibition of helicase unwinding activity as a result of alterations of 13-mers could not, or only to a limited extent, be compensated for by increasing the concentration of the DnaBC complex.
It has been shown that TrfA interacts with DnaB helicase recruited via interaction with DnaA protein at DnaA-boxes in oriV, located upstream of the AT-rich sequence (22) . Therefore TrfA could possibly play a role in the translocation of the helicase complex from the DnaA-boxes to the AT-rich region. To explore this possibility, we assembled the reactions by using saturating concentrations of DnaBC as described above for FI* analysis. The utilization of the DnaB K236A (18) mutant protein, which forms nucleoprotein complexes but does not unwind DNA template, allowed for the analysis of the position of the helicase complex in the plasmid origin. After cross-linking with formaldehyde, the localization of the helicase complex on the 792 bp wild-type oriV fragment (Fig. 4A ) was determined (see Materials and Methods). In a control reaction, the formation of the nucleoprotein complex containing DnaA, DnaB, and DnaC proteins, but not TrfA, was analyzed. Statistical analysis confirmed our previously published observation (22) that the majority of DnaB helicase (95%) was found at the DnaA-boxes (Fig.  4 B(i), C, and D) . Only in 5% of the analyzed DNA particles was DnaB detected within the AT-rich region. When TrfA protein was added to the reaction mixture, the proportion changed significantly. In 58% of the plasmid particles, helicase was detected in the oriV fragment corresponding to the AT-rich region (Fig. 4 B(ii), C, and D) . This result demonstrates translocation of the helicase complex from the DnaA-boxes to the AT-rich region. Because the addition of TrfA results in the origin opening (ref. 3 and above) and the release of helicase activity (ref. 23 and above), we concluded that the observed DnaB complex was most probably formed at the open origin structure. After the addition of TrfA, the number of helicase complexes at the DnaA-box region decreased substantially (Fig. 4) . Because TrfA interaction with DnaB helicase has been reported (22) and it also has been shown that TrfA interacts with the helicase complex formed on the DnaA-boxes (22), we propose direct involvement of TrfA in the observed helicase complex translocation. The interaction of E. coli DnaB helicase with other plasmid initiating proteins has been demonstrated for plasmids R6K (24) and pSC101 (25) . To complete our analysis, we tested the possibility that the alterations within the oriV AT-rich region reduced the efficiency of helicase loading at the open origin structure. We tested assembly of the helicase on oriV templates with 13-mer alterations (R-C, M2-C, R-M2, M2-M1, and TTT11-13AAA) that, as demonstrated above, do not affect origin opening but diminish helicase activity. In comparison to the wild-type template, assembly of the helicase complex at the AT-rich region was substantially reduced in all analyzed mutants (Fig. 4 C and D) . The reactions were carried out in the presence of TrfA and under the same experimental conditions as for the wild-type plasmid. The lowest percentage (15%) of DnaB molecules in the AT-rich region was observed for mutant R-M2. Although we did not observe any specific pattern of 13-mers alterations affecting helicase loading, the reduced helicase complex formation was observed on templates, with changes introduced into the 13-mer M2 or R located in the right part of the oriV AT-rich region (Table 1 ). The reduction of helicase complex formation at the AT-rich region of the mutant origins generally corresponded to the reduction of helicase activity observed on the same templates (Figs. 3 and 4D) ; however, for two mutants (R-M2 and TTT11-13AAA) the result was not so striking. Cross-linking and utilization of the DnaB K236A mutant could account for the stabilization of helicase complexes at those templates.
Helicase Translocation Requires Appropriate Facing of the Origin
Motifs. Our EM studies showed that the position of the helicase on the DNA template changed as a result of the addition of TrfA, a process we defined as translocation. However, it hadn't been directly shown whether it was an actual change in the helicase position on the DNA or a change in the specific site on the DNA template that was in direct contact with the helicase. Several possible mechanisms behind the observed process could be considered. To address this issue, we conducted experiments by using oriV mutants that contained insertions between the DnaAbox region and the AT-rich region. The insertion of 6 bp (oriV3-6 mutant) knocked out template activity in vivo (8), which we identified as not due to an inhibition of origin opening (8) , but as the result of the failure of the helicase to translocate and a consequent loss of helicase activity (Fig. 5 A and B) . In contrast to the 6-bp insertion, the introduction of an approximately full helical turn (oriV3-11 mutant) between the DnaAbox region and the AT-rich region allowed helicase translocation and activity in vitro (Fig. 5 A and B) and replication activity in vivo (8) . These results demonstrate that translocation of helicase from the DnaA-boxes to the 13-mers requires appropriate facing of the origin motifs. This implies that helicase translocation is not a spontaneous dissociation from its interaction with DnaA and DnaA-boxes and establishment of contact with ssDNA within the 13-mers. Also, it is very unlikely that the helicase slides from one position, the DnaA-boxes, to another and thereby establishes contact with the opened AT-rich region. Obviously, helicase translocation requires some form of face-to-face contact which most probably could be promoted by a specific change of the origin DNA structure. Possibly, TrfA together with HU changes the oriV nucleoprotein structure in such a way that helicase contact with the ssDNA within the 13-mers is favored, resulting in the release of helicase from the DnaA-boxes. This mechanism would require TrfA interaction with DnaB (22) and TrfA cooperation with the host DnaA protein, which recruits the helicase to DnaA-boxes (23) and is involved in stabilization of origin melting by TrfA (3). The involvement of histone-like proteins in this process is essential , as HU is required for origin opening by TrfA (3). Also, TrfA, in an iteron-and/or 13-merdependent manner, could possibly form filaments that restructure the DNA at the replication origin, promoting both origin opening and helicase translocation. It was recently proposed for plasmid pPS10 RepA protein that defined DNA sequences promote the assembly of the protein into a distinct amyloid nanostructure (26) . TrfA, similar to pPS10 RepA, contains regions that form filaments through ␤-sheets, which we identified by using the TANGO algorithm (http://tango.crg.es).
The requirement for a specific sequence for helicase activity within the AT-rich region could be a general feature of different replicons. A selective activation by stretches of thymine residues of the Mcm4/6/7 helicase complex has been reported and proposed to be a determinant for the selection of DNA replication initiation sites in mammalian genomes (27) . We demonstrate that loading of the DnaB helicase, primarily recruited by host DnaA protein at DnaA-boxes, depends on the activity of the RK2 plasmid replication initiator to facilitate helicase translocation to the AT-rich opened region, in a reaction requiring specific sequence of the 13-mers and appropriate facing of the origin motifs. 
Materials and Methods
Plasmids, Proteins, and Reagents. The plasmids containing mutations within the AT-rich region were constructed as described previously (5) . Plasmids oriV3-6 and oriV3-11 are described in Doran et al. (8) . For TrfA, preparations of the histidine-tagged version of the largely monomeric TrfA mutant protein His-6-TrfA G254D/S267L, which exhibits a high specific activity for iteron binding (28) Permanganate Footprinting and Primer Extension. Permanganate footprinting was carried out as described (3), with modifications. The standard reaction mixture (25 l) contained 8 ng of HU, 100 ng of E. coli DnaA, 300 ng of oriV DNA, and 100 ng of His-6-TrfA G254D/S267L. Each sample was purified further by using a Gene Clean III kit (BIO101). The analysis was performed on the top DNA strand with the 24-nucleotide primer, as described previously (3).
Helicase Activity Assay (FI*). The reactions were performed essentially as described (23) . Wild-type and mutated RK2 supercoiled minireplicons (300 ng) were used as the DNA template. Unless indicated otherwise, the mixture contained DnaA (10 ng), DnaB (600 ng), DnaC (120 ng), His-6-TrfA G254D/ S267L protein (100 ng), HU (5 ng), SSB (230 ng), and gyrase (120 ng). The samples were electrophoresed at 25 V for 22 h, and the gel was stained with ethidium bromide. The helicase activity was calculated by densitometry, using BioRad Quantity One software. pUC19A supercoiled DNA (1000 ng) contain- 
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